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(57) ABSTRACT

According to one embodiment, the transparent electrode
laminate includes a transparent substrate and an optically
transparent electrode layer formed on the transparent sub-
strate. The electrode layer includes a three-dimensional net-
work of metal nanowires with a diameter of 20 to 200 nm.
Each metal nanowire has a reaction inorganic product of a
metal constituting the metal nanowire on a part of a surface
thereof.

11




Patent Application Publication

22

Mar. 28, 2013 Sheet 1 of 3

10

US 2013/0078449 Al

L 13

~

N
™~

)
-
o
a
v

FI1G. 1

NN

10

N\

iy - i - Y Y S A i A rZ 2y £ 7 A )
o Ve P FE s P s 4 5 e d # § <z y
H . :;51-',. - ; A . ’ : il . i .. . - y I .

N
bt

-
i

-

Wik

F1G. 3

11

13

12



Patent Application Publication  Mar. 28, 2013 Sheet 2 of 3 US 2013/0078449 Al

Snermn s
P o :'

-

ll .r_ -

R T R e R R T A - R Ao P N T . LR ] i, HEE 2 AT RBEE Ry R i i it A
S e e T
i FENE A e B s o - PR PH H ! Y HERE R et b 3y = ] P Fadlen o .-\:-_: E . Lo R R - ’ - " ; TR T 1.__:_. '3
AR s i R S e e e D L R T e R SRR S
L R O T BB R D e T T e R R e R M LT, M " R ; TN ; j ;

'I:'.%’,.‘:*"ﬁ"‘ -'f.:-'-ﬂh“"'.!-'l‘ grg':i\:g e X LT i R

H e H PRSI . PN

AREE ‘%{:.%,?'h: i

.:.:f ..-'

£

by

Jok,
BT,

%
-'"

A
1-:-:.-

et :
':xx"':'_.-_:_-_.-\."':'.-'.. H
M

Py

P
e

s

ﬁ
g
e

LA
fii
H

B

A I :?:"'. A
L 5 -

i
s

i ool

¥
Pt
A

S
Ed
I-'-
T
-

iy ﬂ"ﬁ?}? it e e T
[ . e e v,
AT
i
FHessh

¢
R
'h'ﬁ'\- -~ . _R:
B :
e e o 9
Y T R
i3

fa

i
A
~ .\..-_:‘.'l"'

Yy

-1 E H B il

13,

P

%ﬁﬁ"- i
” B
e
"-'-;f"_.'k -I:l' o
R

o

-_- ..'}. .._ .
B bk

=i
R
LT

K oy
1 ik :;-rf_ .‘r 2
oy [P Lk

-t!l-".." =

:.5:.-
e

SEE
e :
:}ﬁn
¥ _ga;u.:..,..:' ) l':-J S

e

-
L

-
",

..:-....I. ;l:. .?:_ T : H : ; :_.. H .
[ i hbhe
Fasiisina
L
T

e B o R g e i S it s Rk

gt 1R
M

. "
LY . o
ey i "i'?':ﬂ"
i e
i

i

L
L -

mﬂ'} ..__ -.. Ny .: - : H
Tl
e H

e

T

L
n

i
i

R ST R o : 4 s A ! (peily i 4,
- WA B I ETHE R 4, I-.:".-""_"'.-'.':':-_ R AN : prdFd -:-'T ..;.:q.
et il e

F1G.6



Patent Application Publication @ Mar. 28, 2013 Sheet 3 of 3 US 2013/0078449 Al

100 —— — — —

O
(-
|
|
I

0
-
!
|
|

Transmittance (%)
S

60 — E—
50 e S S — | o)
300 400 500 600 700 800
Wavelength (nm)
100 — ——— _
N ——- — —
g g\ .
£ 70
= 50 _
50 I_ l ! F _ I
300 400 500 600 700 800
Wavelength (nm)

F1G. 7



US 2013/0078449 Al

TRANSPARENT ELECTRODE LAMINATE

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This application 1s based upon and claims the ben-
efit of priority from Japanese Patent Application No. 2011-

211012, filed Sep. 27, 2011, the entire contents of which are
incorporated herein by reference.

FIELD

[0002] Embodiments described herein relate generally to a
transparent electrode laminate.

BACKGROUND

[0003] A transparent electrode 1s used for displays such as
liquad crystal displays and organic EL displays; and electric
devices such as solar batteries. A transparent electrode
formed by using metal nanowires such as silver nanowires has
been recently suggested. The transparent electrode formed by
using metal nanowires has high transparency and low surface
resistance. Additionally, the transparent electrode 1s advanta-
geous 1n terms of high flexibility. However, since it 1s formed
of metal, the surface scattering of light 1s large and white
turbidity 1s visually recognized.

[0004] Thus, when 1t 1s used for a display, an 1mage to be
displayed becomes whitish. Further, the flatness of the
absorption spectrum 1s impaired due to the surface plasmon
absorption. This causes a problem not only 1n application of
displays but also 1n application of solar batteries or 1llumina-
tion lamps.

BRIEF DESCRIPTION OF THE DRAWINGS

[0005] FIG.11saschematic view showing a cross-sectional
structure of a transparent electrode laminate according to one
embodiment;

[0006] FIG.21saschematic pattern diagram of an electrode
layer of a transparent electrode laminate according to one
embodiment;

[0007] FIG.31saschematic view showing a cross-sectional
structure of a transparent electrode laminate according to
another embodiment:

[0008] FIG. 4 1s a photograph of a transparent electrode
laminate of Example 1;

[0009] FIG. 5 shows a specular transmission spectrum of
the transparent electrode laminate of Example 1;

[0010] FIG. 6 1s a photograph of a transparent electrode
laminate of Comparative Example 1; and

[0011] FIG. 7 shows a specular transmission spectrum of
the transparent electrode laminate of Comparative Example

1.

DETAILED DESCRIPTION

[0012] In general, according to one embodiment, a trans-
parent electrode laminate includes a transparent substrate and
an optically transparent electrode layer formed on the trans-
parent substrate. The electrode layer includes a three-dimen-
sional network of metal nanowires with a diameter ot 20 to
200 nm. Each metal nanowire has a reaction morganic prod-
uct of the metal constituting the metal nanowire on a part of a
surface thereof.

[0013] Heremnafter, embodiments will be described with
reference to the drawings.
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[0014] Inatransparent electrode laminate 10 shown in FIG.
1, an optically transparent electrode layer 13 1s formed on a
transparent substrate 11. FIG. 2 shows a pattern diagram in
which the electrode layer 13 1s seen from the upper surface.
The electrode layer 13 on the transparent substrate 11
includes a three-dimensional network 22 of metal nanowires
21 as shown 1n the pattern diagram of FIG. 2. The metal
nanowires fuse partially or completely with each other. The
diameter of metal nanowires 21 1s from 20 nm to 200 nm. The
thickness of the electrode layer 13 can be suitably selected
depending on the diameter of the metal nanowires 21. Gen-
erally, 1t 1s from about 30 to 300 nm.

[0015] The material of the metal nanowires 21 can be
selected from silver and copper. Silver and copper have an
electric resistance as low as 2x107° Qm or less and are rela-
tively chemically stable, and thus they are preferably used in
this embodiment. Gaps 24 1n which metal nanowires are not
present are present in the three-dimensional network 22 of the
metal nanowires 21. The gaps 24 penetrate into the electrode
layer 13 1n the thickness direction.

[0016] Inthe electrode layer 13, the three-dimensional net-
work 22 1s formed by contacting the metal nanowires 21 with
one another and i1s three-dimensionally continued, and thus
high conductivity 1s exhibited. Additionally, light can be
transmitted to the gaps 24 1n which the metal nanowires 21 are
not present. Thus, the conductivity and optical transparency
are ensured 1n the electrode layer 13 of the transparent elec-
trode laminate 10 of this embodiment.

[0017] As the whole three-dimensional network 22, the
conductivity to be required for electrodes 1s reliably main-
tained. As shown 1n FIG. 2, reaction inorganic products 23 are
formed on a part of the surfaces of the metal nanowires 21.
Thereaction inorganic products 23 are formed on a part of the
surfaces of the metal nanowires by reacting a part of the metal
on the surfaces of the metal nanowires 21 and the formation
method thereof will be described below. The reaction 1nor-
ganic products 23 are prelferably metal sulfides, oxides,
halides or a mixture thereof. The halides are not particularly
limited and chlorides are preferred because inexpensive
hydrochloric acid can be used as a reaction raw maternal.

[0018] The sulfides, oxides or halides of silver or copper
have no metallic luster, and most of them are black. The
presence of the reaction inorganic products 23 on a part of the
surfaces of the metal nanowires 21 allows light scattering to
be reduced. Further, the surface plasmon i1s reduced by the
reaction 1norganic products 23. Thus, as described later, an
elfect of reducing the irregularity of the absorption spectrum
and improving the flatness 1s obtained.

[0019] As the material of the transparent substrate 11 to
support the electrode layer 13, an inorganic material such as
glass, an organic material such as polymethylmethacrylate
(PMMA), and the like can be used. The thickness of the
transparent substrate 11 can be suitably selected depending
on the material and the application of the transparent elec-
trode. For example, 1n the case of a glass substrate, the thick-
ness can be set to about 0.1 to 5 mm. In the case of a PMMA
substrate, the thickness can be set to about 0.1 to 10 mm.

[0020] As described above, a part of metal on the surfaces
ol the metal nanowires 21 constituting the three-dimensional
network 22 1s reacted to form the products 23. The whole
three-dimensional network 22 has suflicient conductivity as
an electrode. That 1s, 1n the metal nanowires in the three-
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dimensional network 22, the reaction does not progress to a
degree which impairs the function as an electrode to produce
products.

[0021] A transparent substrate formed of an 1norganic
material has an eflect of preventing further chemical reac-
tions of metal nanowires. This 1s because the substrate shuts
off sulfur compound components, halogen compound com-
ponents, and nitrogen compound components 1n outside envi-
ronment. Therefore, 1n the electrode layer 13 formed on the
transparent substrate formed of an inorganic material, the
reaction ol the metal nanowires 21 1s prevented from pro-
gressing to the degree which impairs the function as an elec-
trode.

[0022] Oxygen and water i outside environment; and
amine components, nitrogen compounds, halogen com-
pounds, and sulfur compounds 1n the air can be transmitted to
the transparent substrate 11 formed of an organic material
such as PMMA. Further reactions of the metal nanowires 21
in the electrode layer 13 may be progressed by such transmiut-
ted components. Formation of a reaction inhibiting layer on
the surface of the transparent substrate formed of an organic
material allows for the prevention of further reactions of the
metal nanowires.

[0023] For example, as shown 1n FIG. 3, a reaction inhib-
iting layer 12 can be formed on the back of the transparent
substrate 11 (the surface at the opposite side of the surface 1n
which the electrode layer 13 1s formed). However, when the
reaction inhibiting layer 1s formed below the electrode layer
13, 1t may be formed on the same surface.

[0024] The thickness of the reaction inhibiting layer 12 1s
not particularly specified as long as it 1s uniformly formed on
a predetermined surface of the transparent substrate formed
of an organic material. When the layer has a thickness of
about 0.1 to 10 um, a desired effect 1s obtained.

[0025] Particularly, silicon oxide such as an S10, film 1s
preferred as the material of the reaction inhibiting layer 12
because 1t has an effect of preventing the diffusion of oxygen
and water 1 outside environment; and amine components,
nitrogen compounds, and sulfur compounds 1n the air. A
s1licon oxide film can be formed by, for example, a spattering
method, a sol gel method or the like. Mica flakes and the like
may be mixed into the silicon oxide film. In this case, the
elfect of preventing diffusion 1s increased.

[0026] Such a reaction inhibiting layer can be formed
below the electrode layer 13. In this case, the stability of the
clectrode layer 13 1s further improved.

[0027] As described above, the material of the metal
nanowires 21 can be selected from silver and copper. As for
the transparent electrode laminate formed by using silver
nanowires, 1t 1s preferable that a specular transmission spec-
trum satisiies a predetermined condition. The specular trans-
mittance 1s a transmittance to nearly parallel transmission
light without scattered light and 1t can be measured using a
normal ultraviolet-visible absorption spectrometer.

[0028] When silver nanowires are used, the specular trans-
mission spectrum has a maximum peak near 320 nm and a
mimmum peak near 360 nm. An absorbance ratio A,/ As-g
may become 2.5 or less. A, represents an absorbance at 360
nm and ASZD represents an absorbance at 320 nm. Note that
the term “near” used herein means a range of 15 nm. When
the absorbance ratio 1s 2.5 or less, the near-ultraviolet light
(wavelength region of 350 to 400 nm) in sunlight can be
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cificiently used. In addition to this, light from a near-ultra-
violet LED or LD near a wavelength of 360 nm can be taken
outside with high efficiency.

[0029] In the transparent electrode laminate 10 of this
embodiment, 1t 1s preferable that a carbon layer containing
graphene 1s formed on at least one of the surfaces of the
clectrode layer 13. In other words, the carbon layer containing
graphene may be laminated on at least one of the sides of the
three-dimensional network 22 of the metal nanowires 21. The
graphene may be a smgle or multi-layer. As shown 1n FIG. 2,
the gaps 24 are present in the three-dimensional network 22 of
the metal nanowires 21. The gaps 24 contribute to the trans-
parency of the electrode layer 13, but charge exchanges are
not performed 1n the portion. When the carbon layer contain-
ing graphene i1s laminated on the three-dimensional network
of metal nanowires, charge exchanges via the carbon layer
can be uniformly performed on the whole surface of the
clectrode layer.

[0030] When the carbon layer containing graphene 1is
formed on the three-dimensional network of metal nanow-
ires, the surface flatness can be improved. For example, as for
the surface 1n which a single-layered graphene 1s formed, the
irregularity to be measured with an atomic force microscope
(AFM) 1s about 10 nm or less. In terms of advantages such as
charge 1njection and lamination of an ultra thin film, such a
transparent electrode laminate 1s suitable for, for example,
organic EL displays and solar batteries.

[0031] Inthis regard, when the transparent electrode lami-
nate of this embodiment 1s used as a cathode of the device, it
1s preierable that a part of the carbon 1n graphene 1s substi-
tuted with nitrogen. The doping amount (IN/C atomic ratio)
can be determined based on, for example, an X-ray photo-
clectron spectroscopy (XPS). The graphene having a doping
amount (IN/C atomic ratio) of about 1/200 to 1/10 has a work
function lower than that of the graphene which 1s not nitro-
gen-substituted. Since 1t 1s easy to pick up electrons from a
functional layer to be connected and to yield electrons to the
functional layer, the performance as a cathode 1s improved.

[0032] The electrode layer in the transparent electrode
laminate of one embodiment can be formed on a transparent
substrate using, for example, a dispersion liquid containing
metal nanowires. Specifically, metal nanowires having a
diameter of 20 nm to 200 nm are dispersed 1n a dispersion
medium to obtain a dispersion liquid. The diameter of the
metal nanowires can be determined with a scanning electron
microscope (SEM) or an atomic force microscope (AFM).
When the diameter of the metal nanowires 1s larger than 200
nm, the dispersibility to the dispersion medium 1s reduced.
Thus, 1t becomes diflicult to form a uniform coating film. On
the other hand, when the diameter 1s less than 20 nm, the
length of the wires tends to be short, which results in an
increase in the surface resistance of a coating film. The diam-

cter of the metal nanowires 1s more preferably from 60 nm to
150 nm.

[0033] The average length of the metal nanowires can be
appropriately determined taking into consideration the con-
ductivity and transparency of an electrode to be obtained.
Specifically, the average length 1s preferably 1 um or more
from the viewpoint of conductivity. In order to avoid a
decrease 1n the transparency due to aggregation, the average
length 1s preferably 100 um or less. An optimal length 1s
determined depending on the diameter of the metal nanow-
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ires, and a ratio of the length and diameter (length/diameter)
of the metal nanowires can be set to, for example, about 100

to 1000.

[0034] Silver nanowires having a predetermined diameter
can be obtained from, for example, Seashell Technology.
Alternatively, the silver nanowires having a predetermined
diameter may be produced based on the literature review
“Liangbing Hu et al., ACS Nano, Vol. 4, No. 5, p. 2955
(2010)”. Copper nanowires having a predetermined diameter
may be produced based on, for example, JP-A 2004-263318
(KOKAI) or JP-A 2002-266007 (KOKAI). However, the
nanowires are not limited to these nanowires as long as the
metal nanowires to be used 1n the embodiment are obtained.

[0035] Thedispersion medium for dispersing metal nanow-
ires 1s not particularly limited as long as 1t does not oxidize
metal and can be easily removed by drying. For example,
methanol, ethanol, 1sopropanol, and the like can be used. The
concentration ol metal nanowires 1n the dispersion liquid 1s
not particularly specified, and 1t may be appropriately set
within a range which ensures a good dispersion state.

[0036] The dispersion liquid containing metal nanowires 1s
applied to the surface of the transparent substrate by, for
example, spin-coating, bar-coat printing, ink-jet printing or
the like to form a coating film. The dispersion medium 1s
removed by drying, for example, 1n a nitrogen or argon flow
at about 50 to 100° C. for about 0.5 to 2 hours and a three-
dimensional network of metal nanowires 1s obtained. In any
case, a three-dimensional network having a desired thickness
can be formed by repeatedly performing a process of apply-
ing and drying the dispersion liquid.

[0037] When thetransparent substrate1s a glass substrate, 1t
1s desirable to perform a hydrophilization treatment on the
surface on which the coating film 1s formed. The hydro-
philization treatment can be performed by, for example, a
nitrogen plasma treatment. Specifically, the nitrogen plasma
treatment can be performed by leaving the substrate in a
nitrogen plasma (0.1 maillibar) for about 10 minutes using a
magnetron sputtering apparatus (13.56 MHz, 150 W). When
the surface hydrophilicity of the glass substrate on which the
coating film 1s formed 1s improved, the uniformity of the
coating {ilm becomes better.

[0038] When the transparent substrate 1s formed of an
organic material such as PMMA, the reaction inhibiting layer
1s formed on at least one of the surfaces. It 1s not necessary to
form the reaction inhibiting layer on the PMMA substrate
before coating with the dispersion liquid containing metal
nanowires. When the reaction inhibiting layer 1s formed on
the surface opposite to the electrode layer, the reaction inhib-
iting layer may be formed after the reaction of metal nanow-
ires.

[0039] The transparent electrode laminate of this embodi-
ment 1s obtained by reacting a part of the surfaces of metal
nanowires disposed on the transparent substrate to form reac-
tion 1norganic products. The reaction in the process may be
sulfuration, oxidation, or halogenation. For example, a pre-
determined reactive gas may be reacted with the three-dimen-
sional network of metal nanowires 1n a gaseous phase. Sulfur
vapor and hydrogen sulfide gas are preferred to obtain sul-
fides. Ozone gas 1s preferred to obtain oxides. The reaction
rate 1s increased by reacting with ozone gas while 1irradiating,
with UV light. Halogen gas alone or hydrogen halide gas may
be used to obtain halides. Particularly, chlorine gas is pre-
terred.
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[0040] The above-described method includes a process of
forming a three-dimensional network of metal nanowires on
a transparent substrate and reacting a part of surfaces of the
metal nanowires (reaction after coating). Thus, the surface
resistance and transmittance of the electrode layer to be
formed can be controlled for every substrate, and thus 1t 1s
possible to be applicable to various required specifications.

[0041] When products are formed by reacting a part of the
metal surfaces, the luster of metal nanowires 1s reduced. How-
ever, the surface resistance of the electrode layer 1s increased.
In this embodiment, the surface resistance of the electrode
layer 1s desirably 100 €2/[ ] or less. Therefore, the surfaces of
the metal nanowires are reacted while controlling so that the
surface resistance 1s not excessively increased. The condi-
tions to obtain an appropriate surface resistance can be pre-
viously examined by, for example, performing a preliminary
experiment. Alternatively, the reaction may be controlled by
a procedure of measuring a transmission spectrum.

[0042] A part of the surfaces of metal nanowires may be
reacted before disposition on the transparent substrate. In this
case, a dispersion liquid containing metal nanowires 1s first
prepared and a part of the surfaces of metal nanowires 1s
reacted 1n the dispersion liquid (reaction before coating). For
example, a part of the surfaces of metal nanowires can be
reacted by introducing reactive gas while stirring the disper-
s10on liquid containing metal nanowires. Alternatively, a solu-
tion obtained by previously dissolving reactive gas and an
active substance may be added to the dispersion liquid con-
taining metal nanowires while stirring them. The active sub-
stance means sulfur, hydrosulfuric acid, hydrochloric acid,
potassium permanganate or the like. The method for using
reactive gas 1s suitable for mass production. When the solu-
tion 1s used, the reaction can be controlled with more suffi-
cient accuracy.

[0043] Thereactive gas and active substance 1n the reaction
before coating can be suitably selected depending on target
reaction inorganic products. Particularly, hydrogen sulfide
gas or hydrogen sulfide water 1s preferred to obtain sulfides.
Ozone gas or a potassium permanganate aqueous solution 1s
preferred to obtain oxides. Halogen gas alone and halide acid
are preferred to obtain halides. Particularly, chlorine gas or
hydrochloric acid 1s preferred.

[0044] The transparent substrate 1s coated with the disper-
sion liquid containing metal nanowires in which reaction
inorganic products are formed on a part of the surfaces to form
a coating film. The dispersion medium 1s removed by drying,
for example, 1n a nitrogen or argon flow at about 50 to 100° C.
for about 0.5 to 2 hours and a three-dimensional network of
metal nanowires 1n which reaction inorganic products are
generated on a part of the surfaces 1s obtained. The three-
dimensional network of metal nanowires becomes an elec-
trode layer.

[0045] As already explained, when the transparent sub-
strate 1s a glass substrate, it 1s desirable to perform a hydro-
philization treatment on the surface on which the coating film
1s formed. When the transparent substrate 1s formed of
PMMA, the above-described reaction inhibiting layer is
formed on at least one of the surfaces.

[0046] In the method including reacting a part of the sur-
faces of metal nanowires 1n the dispersion liquid, the resis-
tance at the point of contact of metal nanowires tends to be
increased. When the surface resistance of a transparent elec-
trode laminate to be obtained 1s compared with that of a
transparent electrode laminate obtained by the above-de-
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scribed method, the surface resistance 1s increased. However,
a Tunction as an electrode 1s not impaired. Since the disper-
s1on liquid contaiming metal nanowires 1n which a part of the
surfaces 1s pre-reacted 1s used, the performance variation
between the substrates can be reduced. Accordingly, it can be
said that 1t 1s a method suitable for mass production.

[0047] As with the case of the reaction before coating,
when the electrode layer 1s formed by the reaction after coat-
ing, the luster of metal nanowires 1s reduced by the formation
ol reaction 1norganic products on a part of the metal surfaces.
However, the surface resistance of the electrode layer 1s
increased. In this embodiment, the surface resistance of the
clectrode layer 1s desirably 200 €2/[ ] or less. Therefore, the
surface of the metal nanowires 1s reacted while controlling so
that the surface resistance 1s not excessively increased. The
conditions to obtain an appropriate surface resistance can be
previously examined by, for example, performing a prelimi-
nary experiment. Alternatively, the reaction may be con-
trolled by a procedure of measuring a transmission spectrum.

[0048] As described above, the reaction of the surfaces of
metal nanowires 1s performed while controlling so that the
surface resistance does not become excessively large. There-
tore, despite the fact that the light scattering of the transparent
electrode laminate of this embodiment 1s reduced, the trans-

parency and conductivity are equivalent to those of conven-
tional transparent electrodes.

[0049] Herematfter, specific examples of the transparent
clectrode lamination layer will be shown.

Example 1

[0050] A 0.4 mm-thick glass substrate 1s used as the trans-
parent substrate 11 to produce a transparent electrode lami-
nate having the structure shown in FIG. 1. As a raw material
of the electrode layer 13, a methanol dispersion liquid con-
taining silver nanowires with an average diameter of 115 nm
1s used. The concentration of the silver nanowires in the
dispersion liquid 1s about 0.3% by mass. Silver nanowires
with an average diameter of 115 nm, manufactured by Sea-
shell Technology, are used.

[0051] The surface hydrophilicity of the glass substrate 1s
improved by performing a mitrogen plasma treatment. Spe-
cifically, the nitrogen plasma treatment 1s performed by leav-
ing the substrate in a nitrogen plasma (0.1 millibar) for 10
minutes using a magnetron sputtering apparatus (13.56 MHz,
150 W). The dispersion liquid containing silver nanowires 1s
dropwise applied onto the treated glass substrate and they are
naturally diffused to form a coating film.

[0052] Methanol as a dispersion medium 1s removed from
the coating film by drying 1n an argon flow at 60° C. for 1 hour,
and a three-dimensional network of silver nanowires 1s
obtained. The glass substrate 1n which the three-dimensional
network of silver nanowires 1s formed 1s put 1n a glass con-
tainer. The silver nanowires are reacted with sulfur vapor in
the air at 80° C. for 18 minutes. The sulfur vapor 1s produced
by heating sulfur powder. A part of the silver nanowire surface
1s sulfurized and a transparent electrode laminate of this
example 1s obtained. The thickness of the electrode layer 1n
the transparent electrode laminate 1s about 200 nm.

[0053] FIG. 4 shows aphotograph of the obtained transpar-
ent electrode laminate. Since no white turbidity 1s recognized,
it 1s found that light scattering 1s little. The specular transmis-
s1on 1s measured using a visible-ultraviolet recording spec-
trophotometer and the surface resistance i1s determined by a
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four probe method. The specular transmission 1s 73% (350
nm) and the surface resistance 1s 10 €2/

[0054] Since people’s visibility 1s high, the specular trans-
mission at 550 nm 1s evaluated. The required value of the
surface resistance varies depending on the device to be used.
Generally, 1n the case of a touch panel, the surface resistance
1s several 100 £2/[ ] or less. In the case of a liquid crystal
display, the surface resistance 1s several 10 €2/ ] or less. In the
case ol an organic EL device or solar battery, the surface
resistance 1s 10 €/[ ] or less.

[0055] FIG. 5 shows a specular transmission spectrum of
the transparent electrode laminate of this example. A maxi-
mum peak of transmittance 1s present near 320 nm and a
minimum peak of transmittance 1s present near 360 nm. The
absorbance rat1o (A, ¢,/ Az-q: Assn 18 an absorbance at 360 nm
and A, 1s an absorbance at 320 nm) thereot 1s as low as 1.9.
Since the irregularity of the absorption spectrum 1s relatively
small, the transparent electrode laminate of this example can

be suitably used for a device using near ultraviolet rays near
360 nm.

Comparative Example 1

[0056] A transparent electrode laminate of this compara-
tive example 1s produced 1n the same manner as described in
Example 1 except that a treatment with sulfur vapor 1s not
performed. FIG. 6 shows a photograph of the transparent
clectrode laminate of this comparative example. White tur-
bidity 1s confirmed and it 1s found that the amount of light
scattering 1s large. The obtained transparent electrode lami-
nate has a specular transmittance of 73% (550 nm) and a
surface resistance of 6 €2/

[0057] FIG. 7 shows a specular transmission spectrum of
the transparent electrode laminate of this comparative
example. A transmittance maximum peak 1s present near 320
nm and a transmittance minimum peak 1s present near 360
nm. The absorbance ratio (A, /As-q: Asso 1S an absorbance
at 360 nm and A, 1s an absorbance at 320 nm) thereof 1s 3.0,
which 1s larger than that in Example 1. Such a transparent
clectrode laminate 1s not suitable for the device using near
ultraviolet rays near 360 nm.

Example 2

[0058] A polymethylmethacrylate (PMMA) substrate 1s
used as the transparent substrate 11 to produce a transparent
clectrode laminate having the structure shown in FIG. 3. As a
raw material of the electrode layer 13, a methanol dispersion
liquid containing silver nanowires with an average diameter
of 60 nm 1s used. The concentration of the silver nanowires 1n
the dispersion liquid 1s about 0.3% by mass. The silver
nanowires used herein are manufactured by Seashell Tech-
nology.

[0059] As a substrate for transcription, a glass substrate
subjected to a hydrophilic treatment 1n the same manner as
described in Example 1 1s first prepared. A three-dimensional
network of silver nanowires 1s formed on the glass substrate in
the same procedure as described in Example 1. The glass
substrate 1n which the three-dimensional network of silver
nanowires 1s formed 1s put 1n a glass reaction vessel. The
silver nanowires are reacted with sulfur vapor in the air at 80°
C. for 6 minutes. A part of the silver nanowire surface 1s
sulfurized and an electrode layer 1n the transparent electrode
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laminate of this example 1s formed. The thickness of the
clectrode layer 1n the transparent electrode laminate 1s about

110 nm.

[0060] A solution of a substrate matenal 1s obtained by
dissolving PMMA 1n ethyl acetate to prepare 5% by mass of
a solution. The electrode layer 1s coated with the solution,
followed by drying under reduced pressure. Specifically,
cthyl acetate 1s removed by drying with an o1l rotary vacuum
pump equipped with a trap cooled with dry 1ce and a PMMA
f1lm 1s formed on the electrode layer. The electrode layer 1s
transierred onto the PMMA film by peeling the PMMA film
together with the electrode layer including a three-dimen-
sional network of silver nanowires sulfur-treated from the
glass substrate 1n water. An S10,, film 1s formed on the other
side surface of the PMMA film by sputtering to form a reac-
tion inhibiting layer, and the transparent electrode laminate of
this example 1s obtained.

[0061] In the transparent electrode laminate of this
example, no white turbidity 1s visually recognized, similarly
to the case of Example 1, and thus light scattering 1s little. In
a specular transmission spectrum having a specular transmis-
s1on of 92% (550 nm) and a surface resistance of 80 £2/[], an
absorbance ratio of a transmittance maximum peak near 320
nm and a transmittance mimimum peak near 360 nm 1s 2.4.
The absorbance ratio 15 A;<,/A5,q, Where A, ., 1s an absor-
bance at 360 nm and A, 1s an absorbance at 320 nm. When
the absorbance ratio has such a level, the laminate can be

suitably used for the device using near ultraviolet rays near
360 nm.

Comparative Example 2

[0062] A transparent electrode laminate of this compara-
tive example 1s produced 1n the same manner as described in
Example 2 except that a treatment with sulfur vapor 1s not
performed. The obtained transparent electrode laminate has a
specular transmission of 92% (550 nm) and a surface resis-
tance of 30 /[ 1. However, white turbidity equal to that of
Comparative Example 1 1s confirmed. Therefore, the light
scattering of the transparent electrode laminate of this com-
parative example 1s not suppressed.

[0063] In the specular transmission spectrum, the absor-
bance ratio of a transmittance maximum peak near 320 nm
and a transmittance minmimum peak near 360 nm 1s 4.5. The
absorbance ratio 1s A o/ A5-q, Where A, ., 1s an absorbance at
360 nm and A,,, 1s an absorbance at 320 nm. Since the
absorbance ratio 1s larger than that of Comparative Example
1, the transparent electrode laminate of this comparative
example 1s not suitable for the device using near ultraviolet
rays near 360 nm.

Example 3

[0064] A 0.5 mm-thick glass substrate 1s used as the trans-
parent substrate 11 to produce a transparent electrode lami-
nate having the structure shown in FIG. 1. As a raw material
of the electrode layer 13, a methanol dispersion liquid con-
taining copper nanowires with an average diameter of 90 nm
1s used. The concentration of the copper nanowires 1n the

dispersion liquid 1s about 0.2% by mass. The copper nanowire
1s produced based on JP-A 2004-263318 (KOKAI).

[0065] The hydrophilicity of the surface of the glass sub-
strate 1s 1mproved 1n the same procedure as described 1n
Example 1. The dispersion liquid containing copper nanow-
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ires 1s dropwise applied onto the glass substrate and they are
naturally diffused to form a coating film.

[0066] Methanol 1s removed from the coating film by dry-
ing in an argon tlow at 60° C. for 1 hour, and a three-dimen-
s1ional network of copper nanowires 1s obtained. A part of the
copper nanowire surface 1s sulfurized 1n the same procedure
as described 1n Example 1 and a transparent electrode lami-
nate of this example 1s obtained. The thickness of the elec-
trode layer 1n the transparent electrode laminate 1s about 170
nm

[0067] The transparent electrode laminate of this example
has a specular transmission of 60% (550 nm) and a surface
resistance of 30 €2/[]. When visually observed, no white

turbidity 1s recognized, similarly to the case of Example 1,
and thus the transparent electrode laminate of this example
has little light scattering.

Comparative Example 3

[0068] A transparent electrode laminate of this compara-
tive example 1s produced 1n the same manner as described in
Example 3 except that a treatment with sulfur vapor 1s not
performed. The transparent electrode laminate of this com-
parative example has a specular transmission of 60% (550
nm) and a surface resistance of 30 £2/[]. However, white
turbidity equal to that of Comparative Example 1 1s caused
and the amount of light scattering 1s large.

Example 4

[0069] A three-dimensional network of silver nanowires 1s
formed on a glass substrate 1n the same manner as described
in Example 1. The glass substrate in which the three-dimen-
sional network of silver nanowires 1s formed 1s put 1n an
UV-ozone cleaner. The silver nanowires are reacted with
ozone vapor for 10 minutes while irradiating with UV light. A
source of UV light to be used herein 1s a low-pressure mer-
cury lamp. The ozone vapor 1s generated by a reaction of
oxygen 1n the air. A part of the silver nanowire surface 1s
oxidized and a transparent electrode laminate of this example
1s obtained. The thickness of the electrode layer 1n the trans-
parent electrode laminate 1s about 200 nm.

[0070] The transparent electrode laminate of this example
has a specular transmission of 75% (550 nm) and a surface
resistance of 20 €2/[]. When visually observed, no white
turbidity 1s recognized, similarly to the case of Example 1,
and thus the transparent electrode laminate of this example
has little light scattering.

Example 5

[0071] A three-dimensional network of silver nanowires 1s
formed on a glass substrate 1n the same manner as described
in Example 1. The glass substrate in which the three-dimen-
sional network of silver nanowires 1s formed 1s put in a glass
reaction vessel. The silver nanowires are reacted with amixed
gas of chlorine and nitrogen at room temperature for 10
minutes. A part of the silver nanowire surface 1s salified and a
transparent electrode laminate of this example 1s obtained.
The thickness of the electrode layer 1n the transparent elec-
trode laminate 1s about 200 nm.

[0072] The transparent electrode laminate of this example
has a specular transmission of 80% (550 nm) and a surface
resistance of 30 €2/[]. When visually observed, no white
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turbidity 1s recognmized, similarly to the case of Example 1,
and thus the transparent electrode laminate of this example
has little light scattering.

Example 6

[0073] Cu o1l 1s used as an underlayer catalyst layer and a
single-layered graphene substituted by nitrogen 1s produced
by a CVDmethod. The CVD method 1s performed at 1000° C.
for 5 minutes using a mixed gas of ammonia, methane, hydro-
gen, and argon (15:60:65:200 ccm) as a reaction gas. Most of
the graphene to be obtained 1s a single-layered graphene, and
a two- or multi-layered graphene 1s partially produced
depending on the conditions.

[0074] Further, the graphene is treated 1n a mixed flow of
ammomnia and argon (15:200 ccm) at 1000° C. for 5 minutes,
tollowed by cooling in an argon tlow. The Cu foi1l surface 1s
previously annealed by performing a heat-treatment by laser
radiation to increase the crystal grain size. As a result, the size
of the graphene domain to be obtained becomes larger, and
the conductivity 1s improved. A PET film having a thickness
of 150 um 1n which the surface as a thermal transfer film 1s
coated with silicone resin 1s pressure-bonded to the single-
layered graphene. Then, Cu constituting the underlayer cata-
lyst layer 1s dissolved to transier the single-layered graphene
onto a transfer film. In order to dissolve Cu, 1t 1s immersed in
an ammonia alkaline copper chloride etchant. The same
operation 1s repeated, thereby laminating the four-layered
graphene onto the transier film.

[0075] The doping amount (N/C atomic ratio) of nitrogen
in graphene can be estimated by the X-ray photoelectron
spectroscopy (XPS). In the graphene obtained 1n the process,
the doping amount of nmitrogen 1s from 1 to 2 atm %.

[0076] A three-dimensional network of silver nanowires 1s
formed on the four-layered film of graphene in the same
procedure as described in Example 1. The transfer film having,
graphene 1n which the three-dimensional network of silver
nanowires 1s formed 1s put 1n a glass reaction vessel. A part of
the silver nanowire surface 1s sulfurized in the same proce-
dure as described 1n Example 1 and the electrode layer 1in the
transparent electrode laminate of this example 1s formed. The
clectrode layer 1n this example includes a three-dimensional
network of silver nanowires sultur-treated and graphene.

[0077] A solution of a substrate material 1s obtained by
dissolving PMMA 1n ethyl acetate to prepare 5% by mass of
a solution. The electrode layer 1s coated with the solution,
followed by drying under reduced pressure. Specifically,
cthyl acetate 1s removed by drying with an o1l rotary vacuum
pump equipped with a trap cooled with dry 1ce and a PMMA
film 1s formed on the electrode layer. The electrode layer
including a three-dimensional network of silver nanowires

sulfur-treated and graphene 1s transierred onto the PMMA
film by peeling the PMMA film from the transfer film. An

S10,, film 1s formed on the other side surface of the PMMA
film by sputtering to form a reaction inhibiting layer, and the
transparent electrode laminate of this example 1s obtained.

[0078] The transparent electrode laminate of this example
has a specular transmission of 60% (3550 nm) and a surface
resistance of 10 €/[ 1. When visually observed, no white
turbidity 1s recognized, similarly to the case of Example 1,
and thus the transparent electrode laminate of this example
has little light scattering. When observed with an atomic force
microscope (AFM), the surface irregularity 1s 10 nm or less
and thus the surface 1s flat.
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Example 7

[0079] The same methanol dispersion liquid containing sil-
ver nanowires as that of Example 1 1s prepared and a part of
the silver nanowire surface 1s sulfurized in the following
procedure. First, dilute sulfuric acid 1s reacted with 1ron sul-
fide. The generated hydrogen sulfide gas 1s dissolved 1n pure
water to obtain hydrogen sulfide water. The hydrogen sulfide
water 1s added to the methanol dispersion liquid contaiming
silver nanowires with a measuring cylinder. The temperature
of the dispersion liquid 1s increased to 40° C. with an o1l bath
to react the dispersion liquid. After 5 minutes, a part of the
silver nanowire surface 1s sulfurized and reaction inorganic
products (silver sulfide) are produced.

[0080] A glass substrate whose surface hydrophilicity 1s
improved in the same procedure as described in Example 1 1s
prepared. The dispersion liquid containing silver nanowires
in which silver sulfide 1s produced on a part of the silver
nanowire surface 1s dropwise applied onto the glass substrate
to form a coating film. Methanol 1s removed from the coating
film by drying 1n an argon tlow at 60° C. for 1 hour, and a
three-dimensional network of silver nanowires sulfur-treated
1s obtained. The three-dimensional network becomes the
clectrode layer 1n the transparent electrode laminate of this
example. In this manner, the transparent electrode laminate of
this example 1s produced.

[0081] The transparent electrode laminate of this example
has a specular transmission of 80% (550 nm) and a surface
resistance of 100 /[ ]. When visually observed, no white
turbidity 1s recognized, similarly to the case of Example 1,
and thus the transparent electrode laminate of this example
has little light scattering.

Example 8

[0082] The same methanol dispersion liquid containing
copper nanowires as that of Example 3 1s prepared and a part
of the copper nanowire surface 1s sulfurized in the following
procedure. First, dilute sulfuric acid 1s reacted with 1ron sul-
fide. The generated hydrogen sulfide gas 1s dissolved 1n pure
water to obtain hydrogen sulfide water. The hydrogen sulfide
water 1s added to the methanol dispersion liquid contaiming
copper nanowires with a measuring cylinder. The tempera-
ture of the dispersion liquid 1s increased to 40° C. with an o1l
bath to react the dispersion liquid. After 3 minutes, a part of
the copper nanowire surface 1s sulfurized and reaction 1nor-
ganic products (copper sulfide) are produced.

[0083] A glass substrate whose surface hydrophilicity 1s
improved in the same procedure as described in Example 3 1s
prepared. The dispersion liquid containing copper nanowires
in which copper sulfide 1s produced on a part of the copper
nanowire surface 1s dropwise applied onto the glass substrate
to form a coating film. Methanol 1s removed from the coating
film by drying in an argon tlow at 60° C. for 1 hour, and a
three-dimensional network of copper nanowires sulfur-
treated 1s obtained. The three-dimensional network becomes
the electrode layer 1n the transparent electrode laminate of
this example. In this manner, the transparent electrode lami-
nate of this example 1s produced.

[0084] The transparent electrode laminate of this example
has a specular transmission of 65% (550 nm) and a surface
resistance of 200 €2/[]. When visually observed, no white
turbidity 1s recognized, similarly to the case of Example 1,
and thus the transparent electrode laminate of this example
has little light scattering.
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[0085] While certain embodiments have been described,
these embodiments have been presented by way of example
only, and are not intended to limit the scope of the inventions.
Indeed, the novel embodiments described herein may be
embodied 1n a variety of other forms; furthermore, various
omissions, substitutions and changes 1n the form of the
embodiments described herein may be made without depart-
ing from the spirit of the inventions. The accompanying
claims and their equivalents are intended to cover such forms
or modifications as would fall within the scope and spirit of
the 1nventions.

What 1s claimed 1s:
1. A transparent electrode laminate comprising:
a transparent substrate; and

an optically transparent electrode layer formed on the
transparent substrate, the electrode layer comprising a
three-dimensional network of metal nanowires with a
diameter of 20 to 200 nm, each metal nanowire compris-
ing a reaction 1inorganic product of a metal constituting
the metal nanowire on a part of a surface thereof.

2. The laminate according to claim 1, wherein the metal
nanowires are made from silver or copper, and the reaction
inorganic products are selected from sulfides, oxides, and

halides.

3. The laminate according to claim 2, wherein the metal
nanowires are made from silver, and have a relationship of
Az’ Az-0<2.5, where A, 4, 1s an absorbance at a minimum
transmission peak near 360 nm and A, 1s an absorbance at
maximum transmission peak 320 nm, 1n a specular transmis-
s10n spectrum.

4. The laminate according to claim 1, wherein the metal
nanowires have a diameter of 60 to 150 nm.

5. The laminate according to claim 1, wherein the metal
nanowires has an average length of 1 to 100 um.

6. The laminate according to claim 1, wherein the metal
nanowires a ratio of a length and diameter (length/diameter)

of 100 to 1000.
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7. The laminate according to claim 1, wherein the electrode
layer has a thickness of 30 to 300 nm.

8. The laminate according to claim 1, further comprising a
carbon layer which comprises a single and/or multi-layered
graphene and formed on at least one surface of the three-
dimensional network of metal nanowires.

9. The laminate according to claim 8, wherein the carbon
layer 1s formed on the three-dimensional network of the metal
Nnanowires.

10. The laminate according to claim 8, wherein a part of
carbon atoms in the graphene 1s substituted by a nitrogen
atom.

11. The laminate according to claim 10, wherein in the
grapheme, an atom ratio of nitrogen to carbon (N/C) 1s from
1/200 to 1/10.

12. The laminate according to claim 1, wherein the trans-
parent substrate 1s made from organic material and further
comprises a reaction inhibiting layer to inhibit a reaction of
the metal nanowires on at least one surface thereof.

13. The laminate according to claim 12, wherein the reac-
tion inhibiting layer has a thickness of 0.1 to 10 um.

14. The laminate according to claim 12, wherein the reac-
tion inhibiting layer 1s a silicon oxide film.

15. The laminate according to claim 14, wherein the silicon
oxide film 1s formed by a spattering method or a sol gel
method.

16. The laminate according to claim 14, wherein mica
flakes are mixed 1n the silicon oxide film.

17. The laminate according to claim 1, wherein the trans-
parent substrate 1s a polymethylmethacrylate substrate.

18. The laminate according to claim 17, wherein the poly-
methylmethacrylate substrate has a thickness of 0.1 to 10
mm.

19. The laminate according to claim 1, wherein the trans-
parent substrate 1s a glass substrate.

20. The laminate according to claim 19, wherein the glass
substrate has a thickness of 0.1 to 5 mm.
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